Introduction
Mild detonating fuse (MDF) is a small diameter (0.041" nominal or 1.041mm) extruded aluminum tube containing explosive material. It is manufactured by filling an aluminum tube with explosive material and extruding the explosive containing tube using a conventional, multiple-die, cold, extrusion process. After extrusion this aluminum tube must be bent around a relatively small radius (0.070). Traditionally this bend has not presented a problem, however, recently received lots of MDF exhibited cracking and fracture of the aluminum tube when bent. This report describes the source of this tube failure and recommends a solution. The solution is to use a higher purity aluminum alloy for the tube material, specifically an alloy that is extremely low in Fe and Si, like 1190-H18 or 1199-0.
Description of Problem
MDF extrusions have typically been supplied by (Company A). This material can be satisfactorily bent around small radiuses. Extrusions from a new supplier, (COMPANY B) , are failing when bent around small radiuses even though both suppliers are using similar materials and extrusion processes.
The Company A Process
An aluminum tube is extruded through a series of progressively smaller extrusion dies until the final tube dimensions are reached. The material being extruded is a nominally pure aluminum alloy that was supplied with the following chemical analysis: This chemical analysis was performed using an inductively coupled plasma analysis technique (ICP). A number of elements are listed as being found in quantities less than 10 or 20 parts per million (PPM). These numbers likely represent the detection limit of the ICP analysis technique used. Thus, only Fe, B, Cu, and Mg are present in this material in detectable quantities. Despite these three impurities, this material is extremely pure aluminum, containing only 92 parts in 1 million (0.09%) that can be accounted for as something other than aluminum. Iron is the most common impurity element found in aluminum alloys because it is typically present in bauxite deposits and is difficult to completely remove from aluminum metal. It is the major impurity element in this material (60 PPM or -0.006 wt%). Even at such a low level, iron in this alloy will precipitate upon solidification [l] . Boron is typically added to high purity aluminum alloys used for electrical wire. Boron scavenges transition metal elements like Ti, V, Cr, and Z r thus increasing the electrical conductivity of the aluminum. Boron is the second major impurity element in this material . At this alloying level boron is either present in solid solution or is bound to Ti, V, Cr, and Zr atoms as complex intermetallics [Z] . Like iron, copper is also a common impurity in aluminum alloys. It is the third most common impurity element in this material (10 PPM or -0.001wt%). At this level copper is most likely in solid solution in the aluminum alloy [l] .
The COMPANY B Process
An aluminum tube is formed by passing it through an initial swaging operation and then extruding it through a series of progressively smaller extrusion dies until the final tube dimensions are reached. The material being extruded is a commercially pure aluminum material (Alcoa Alloy 1090/1285) that was supplied with the following chemical analysis: The analysis technique used to assay this material is not specified. Like the ICP test, a number of elements are listed at levels of O.OOwt%. This likely indicates that they were not present in sufficient quantity to be detected by the analysis process. In this material Fe, Si, Ti, and Mn are the major impurity elements. All four elements are common impurity elements in aluminum alloys and are within the specification limits for 1090 aluminum. They are present in significantly greater quantities than in the Company A material. Iron is present in this alloy at a level of 0.033wt% or -330 PPM. This is a factor of 5 times more iron than in the Company A material. It will be present in the alloy as iron containing precipitates. Silicon is present at 0.0267wt% or -260 PPM more than 13 times the maximum detectable silicon in the Company A material. At room temperature most if not all of this silicon is expected to precipitate in the aluminum alloy
. Ti is present at the O.Olwt% or -100 PPM level and Mn is present at the 0.001 wt% or 10 PPM level. At these concentration both of these elements will remain in solid solution in the aluminum alloy [l] . While this aluminum alloy is a very pure material, it does contain significantly more impurity elements than the Company A material.
There is a difference in the extrusion procedure used by the two suppliers, but not a significant difference in the percent cold work received by each material. Percent cold work, or reduction in area, is calculated as follows:
Where: Alloy chemistry is the most significant difference in these two products, specifically the Fe and Si content. The Company A material has very little Fe and Si while the COMPANY B material contains significant quantities of both elements. Iron and silicon are important because they both precipitate in aluminum at room temperature.
Precipitates in aluminum often form at grain boundaries and will limit grain boundary motion, thus preventing recrystallization.
Analysis of Samples
Samples of extruded MDF manufactured by each supplier were obtained. The explosive material contained in these samples was removed by chemical leaching before the samples were examined.
Metallography
All samples were mounted in epoxy and polished using standard metallographic techniques. They were then etched to reveal the grain structure of the aluminum. the interior surface (the rougher surface) is visible near the bottom of the image. A large number of small, highly elongated grains can be seen in this material. The grains in this sample are elongated in the direction of the tube axis (the extrusion direction). This is consistent with a heavily cold worked extrusion. A number of small round objects can also be seen distributed throughout this image. These objects are most likely polishing 9 media that has become entrapped in the aluminum. It is unlikely that these objects were present in the aluminum during the extrusion process because they do not show elongation or evidence of fracture. Any inclusions present in the aluminum during the extrusion process should either be elongated in the extrusion direction or be heavily fractured. can be seen at the bottom of the image. This sample is noticeably different from the COMPANY B material. Most importantly it contains a few very large grains. It also contains a number of small elongated grains typical of a heavily extruded material. This grain structure would be considered unusual in any material. It is especially unusual in a material that has been heavily extruded. Electron backscattered diffraction (EBSD) analysis was done in order to confirm that the grain structure seen in the metallographic samples is real.
Electron Backscattered Diffraction (EBSD) Analysis
EBSD analysis is an automated technique capable of mapping crystal orientations 0.6 mm shows that this sample contains a large number of small elongated grains. Its fiber texture is largely <111> (blue grains) with some <loo> fiber texture (red grains). This is consistent with extruded aluminum that has seen little or no subsequent annealing. 
